14 Bivalent chromatin marks developmental promoters in pluripotent cells, yet their targeting and 15 precise impact on lineage commitment remains unclear. We uncover Developmental Pluripotency 16 Associated 2 (Dppa2) and 4 (Dppa4) as epigenetic priming factors, establishing chromatin bivalency. 17 Single-cell transcriptomics and differentiation assays reveal Dppa2/4 double knockout embryonic 18 stem cells fail to exit pluripotency and differentiate efficiently. Dppa2/4 associate with COMPASS and 19 Polycomb complexes and are required to recruit and maintain their binding at a subset of 20 developmentally important bivalent promoters which are characterised by low expression and poised 21 RNA polymerase. Consequently, upon Dppa2/4 knockout, these dependent promoters gain DNA 22 methylation and are unable to be activated upon differentiation. Our findings uncover a novel 23 targeting principle for bivalency to developmental promoters, poising them for future lineage specific 24 activation. 25
Introduction

26
Epigenetic priming describes the establishment of a competent epigenetic landscape that facilitates 27 efficient transcriptional responses at a future point in time. This temporal uncoupling of molecular 28 events is especially fitting in the context of early development where genes that are not yet expressed 29 need to avoid permanent silencing prevalent in the peri-implantation embryo. Perhaps the best 30 understood example of epigenetic priming is bivalent chromatin. This co-occurrence of active 31 associated H3K4me3 and repressive associated H3K27me3 histone modifications is catalysed by Mll2, 32 part of the COMPASS complex (1, 2) and Ezh2, part of the Polycomb Repressive 2 (PRC2) complex, 33 respectively (reviewed in (3)). In pluripotent cells, bivalent chromatin is found at important 34 developmental gene promoters, poising them for future activation or silencing (4, 5) . However, it is 35 largely unclear how these epigenetically primed states are targeted specifically to these promoters 36 (3) . Furthermore, it is unknown what effect removal of both H3K4me3 and H3K27me3 at bivalent 37 genes has on development as designing a clean experimental system targeting both without altering 38 the rest of the epigenome is challenging. Consequently, our understanding of the precise regulation 39 and functional importance of bivalent chromatin is lacking (3).
41
Recently, we and others revealed a role for the small heterodimerising nuclear proteins 42 Developmental Pluripotency Associated 2 (Dppa2) and 4 (Dppa4), in regulating zygotic genome 43 activation (ZGA)-associated transcripts (6) (7) (8) . Excitingly, Dppa2/4 also bind non-ZGA gene promoters, 44 including bivalent promoters (6, (9) (10) (11) , however the significance of this is unknown. Intriguingly, single 45 and double zygotic knockout mice survive early embryogenesis only to succumb to lung and skeletal 46 defects shortly after birth, despite these proteins not being expressed in these, or any other adult 47 somatic tissue, uncoupling when they are present from their developmental phenotype (12, 13) . Here Dppa2/4 are frequently used as markers of pluripotent cells, yet their absence has little effect on 60 expression of pluripotent markers at a bulk level (6, 12, 13) (Fig. 1SA ). Serum/LIF mouse embryonic 61 stem cells (ESCs) are heterogeneous with individual cells varying in their propensity to either self-62 renew or embark towards differentiation (reviewed in (14-16) ). During our previous study (6), we 63 observed that Dppa2/4 double knockout (DKO) ESC cultures consistently appeared more 'pluripotent' 64 with rounder colonies and less spontaneous differentiating cells (data not shown). To investigate this, 65 we performed single-cell transcriptome analysis of wild type (WT) and Dppa2/4 DKO ESCs. Strikingly, 66 Dppa2/4 DKO cells had higher cell-cell correlation indicative of increased homogeneity (Fig. 1A ).
67
Dimensionality reduction using UMAP enabled cells to be ordered by pseudotime from more 68 pluripotent towards differentiation ( Fig. S1B-C) . Remarkably, Dppa2/4 DKO cells preferentially 69 clustered towards the beginning or 'more pluripotent' side of the pseudotime trajectory and had very 70 few cells initiating differentiation ( Fig. 1B ), commonly seen in WT serum/LIF grown cells (17). Together 71 this suggested that Dppa2/4 may facilitate exit from pluripotency and cell fate commitment.
73
To test their role in differentiation, we performed embryoid body assays for both WT and DKO ESCs 74 over 9 days from serum/LIF cultures. Importantly, Dppa2/4 DKO cells were delayed in exiting 75 pluripotency and upregulating markers of all three germ layers (Fig. 1C, Fig. S1D -G, Table S1 ).
76
Supporting this, principal component analysis revealed that the transcriptome of DKO cells at day 7 77 4 and 9 of differentiation more closely resembled WT cells at day 4 of differentiation, confirming an 78 overall defect in exiting pluripotency and multi-lineage commitment in these cells ( Fig. 1D ).
80
Dppa2/4 bind H3K4me3 and H3K4me3/H3K27me3 bivalent gene promoters 81 Bivalent chromatin is a signature of developmental gene promoters in pluripotent cells, however, it is 82 unclear how it is targeted. We, and others, have recently revealed binding of Dppa2/4 at gene 83 promoters in mouse ESCs (6, 7, (9) (10) (11) (Fig. 1E ). Assigning Dppa2/4 peaks to one of 12 chromatin states 84 previously defined by ChromHMM (see Materials and Methods) revealed a dramatic enrichment at 85 both H3K4me3 and H3K4me3/H3K27me3 bivalent promoters ( Fig. 1F ). Indeed, nearly half of H3K4me3 86 promoters and over 60% of bivalent promoters defined previously by sequential ChIP-seq experiments 87 (18) contained a Dppa2/4 peak, in contrast to just 9.7% of all other protein-coding promoters ( (19, 20) . We reasoned that they may instead function by recruiting 95 and/or stabilising enzymatic complexes to their target loci, and therefore performed qPLEX-RIME to 96 quantitatively assess protein interactions with Dppa2/4 in a chromatin context (21). We generated 97 independent stable cell lines expressing Dppa2-GFP or Dppa4-GFP, which were expressed at similar 98 levels to the endogenous proteins ( Fig. 2A) . Importantly, the cells didn't change expression of Table S3 ), of 106 which 78 were in common to both (Fig. 2D ). Importantly, mRNA levels of the proteomics hits were not 107 significantly different between WT and DKO cell lines ( Fig. S2D ). Dppa2 interacted with Dppa4 and vice 108 versa, consistent with the proteins functioning as a heterodimer (13). Excitingly, Dppa2/4 interacting 109 proteins were enriched for members of both the COMPASS and Polycomb complexes responsible for 110 H3K4me3 and H3K27me3 deposition respectively ( Fig. 2B-C) . We also detected members in common 111 to the SRCAP and INO80 remodelling complexes, the former of which incorporates the histone variant 112 H2A.Z into nucleosomes. Also of interest were interactions with proteins implicated in zygotic genome 113 activation including Zscan4 and SUMO family proteins (Table S2) , consistent with ours and others 114 recent findings that Dppa2/4 also regulate ZGA transcriptional networks (6-8).
116
The association with COMPASS and Polycomb complex members was of particular interest given the 117 localisation of Dppa2/4 at H3K4me3 and bivalent gene promoters. As a validation of our chromatin-118 based proteomic analysis, we analysed published ChIP-seq datasets from mouse ESCs to verify these 119 complexes bind the same loci as Dppa2/4 ( Fig. 2E-F ). Importantly, we saw enrichment of COMPASS 120 members Ash2l and Mll2/Kmt2b, Polycomb members Ezh2 and Suz12, and SRCAP member Kat5/Tip60 121 at Dppa2/4 peaks ( Fig. 2E ). Moreover, these complex members were also enriched at the same gene 122 promoters as Dppa2/4 ( Fig. 2F ). Furthermore, we were able to confirm a direct interaction between 
139
H3K27me3 peaks were reduced in Dppa2/4 DKO cells which were predominantly bound by Dppa2/4 140 and mostly overlapped with gene promoters (Fig. 3A-B ). In total, 1,447 and 817 promoters in Dppa2/4 141 DKO cells had a significant lower enrichment of H3K4me3 and H3K27me3, respectively ( Fig. 3C , Table   142 S4). Of these, 611 overlapped, suggesting that bivalent domains may be affected. We therefore 143 focused our analyses on a set of high confidence bivalent promoters defined by ChIP-reChIP 144 experiments in ESCs (18). From this, we identified a subset of 309 (9.6%) out of 3,208 bivalent 145 promoters that had lost both H3K4me3 and H3K27me3, and another 327 (10.2%) that had lost just 146 H3K4me3 ( Fig. 3C ).
148
We termed those bivalent promoters that had lost both H3K4me3 and H3K27me3 "Dppa2/4-149 dependent", and those that had lost just H3K4me3 "Dppa2/4-sensitive" to distinguish them from genes. However Dppa2/4-sensitive genes were frequently misclassified, likely due to their high 172 similarity to Dppa2/4-dependent promoters (Fig. 4A ). We therefore focused on the two extreme 173 categories (Dppa2/4-dependent and -independent), generating a 2-class Random Forest Classification 174 model with 90% accuracy (Fig. 4B ).
176
Reassuringly, the top ranking attributes were directly related to levels of H3K4me3 (Fig. 4C ), a feature 177 we had already noticed was correlated with the response of a gene to loss of Dppa2/4 ( Fig. 3D, F ).
178
Notably, the next group of attributes predictive of a gene's response to loss of Dppa2/4 was directly 179 linked to the transcriptional status of the gene ( Fig 4C, Table S5 ). Dppa2/4-independent promoters 180 had larger H3K4me3 peak width (Fig. 4D ), a feature associated with increased transcriptional 181 8 consistency yet independent of overall levels of gene expression (23) 
